ABSTRACT The objective of the study was to investigate the effects of deficiency or high level addition of methionine (Met) in diet on homocysteine (Hcy) metabolism and hepatic lipid metabolism in broiler. A completely random design was used with 3 dietary treatments with the addition of Met from DLmethionine (DLM) at 0%, 0.22%, and 0.32% in a basal diet. The analyzed dietary Met was 0.271%, 0.485%, and 0.584% respectively for the Met-deficient, sufficient, and excessive diet. A total of 360 one-day-old male Ross 308 broiler chicks were randomly assigned to the treatments. The trial was last for 21 d. Compared to the Met-sufficient diet, the Met-deficient diet significantly resulted the decrease of 1 to 21 d growth performance and the increase of liver ether extract (EE). Compared to the Met-sufficient group, the expression of lipid transport gene apolipoprotein B (APOB) in both Met-deficient and Met-excessive group was decreased (P < 0.05). However, compared to the Met-sufficient group, a decreased of serum low-density lipoprotein cholesterol (LDLC) was only shown in birds fed a Metdeficient diet (P < 0.05). Although the plasma Hcy content was decreased, the expression of Cystathionine β-synthase (CβS) and hepatic inflammatory cytokines included interleukin-1 (IL-1) and interleukin-8 (IL-8) was significantly decreased in birds fed the Metdeficient diet when compared to those in Met-sufficient group (P < 0.05). When compared to the Met-sufficient group, the broilers in high dietary Met group had increased levels of catabolic enzyme genes expression especially acyl-coenzyme A oxidase 1 (ACOX1) and carbohydrate response element-binding protein (CHREBP) (P < 0.05), and a decreased content of liver EE. In conclusion, dietary Met deficiency decreased the hepatic lipid export and subsequently increased the hepatic lipid accumulation. High dietary Met addition increased the hepatic lipid catabolism and subsequently decreased the liver lipid accumulation.
INTRODUCTION
The selection of faster growing broilers aggravates the liver burden and subsequently raises the risk of metabolic disorders such as fatty liver disease. Meanwhile, as an essential amino acid (particularly for poultry), Met and fatty liver are closely linked (Pesti et al., 1979; Mato et al., 2008) . Met deficiency was often used in mammalian pathological models for the study of non-alcoholic steatohepatitis (serviddio et al., 2008a, 2008b, 2011) . Hyperhomocysteinemia, one of the key indicators of impaired one-carbon metabolism that may trigger the development of nonalcoholic fatty liver disease in humans and experimental animals (Elmore and Matthews, 2007; Pogribny et al., 2013; ) , could be caused by high level of dietary Met supplementation in rats and mice (Pogribny et al., 2005; Zhou et al., 2008; Song et al., 2009 dietary Met imbalance could alter the transcriptional regulation of genes involved in lipid metabolism in the liver of fish (Skiba-Cassy et al., 2016; Wang et al., 2016) . Decreased lipid catabolism and transport and increased liver lipogenesis were observed in mice fed Met-deficient and excess diet, respectively (Aissa et al., 2014) , whereas young pigs fed a Met-deficient diet had no changes in lipid metabolism such as lipid content and fatty acid synthase in liver (Conde-Aguilera et al., 2010; Castellano et al., 2015) . In avian species, most investigations indicated that the supplementation of Met affected the abdominal fat deposition, blood lipids and apolipoproteins (Zhan et al., 2006; Kalbande et al., 2009; Andi et al., 2012) , but a few studies addressed the hepatic lipid accretion and the underlying mechanism (Kikusato et al., 2015) . Hyperhomocysteinemia may induce hepatic lipid accumulation even hepatocyte injury in rodents (Woo et al., 2005; Yamada et al., 2012) . However, the occurrence of hyperhomocysteinemia in broilers is not proven. Based on these considerations, the aim of this study was to investigate the effects of deficiency or high level of Met in diet on serum 4315 homocysteine (Hcy) and lipid, and hepatic lipid metabolism related genes expression.
METHODS AND MATERIALS

Animal and Feed
All of the animal procedures were authorized by Animal Care and Use Committee of Sichuan Agriculture University.
A completely random design was used with 3 dietary treatments with the addition of Met from DL-methionine (DLM) at 0%, 0.22%, and 0.32% in a basal diet. The analyzed dietary Met was 0.271%, 0.485%, and 0.584% respectively for the Met-deficient, sufficient, and excessive diet. A total of 360 one-dayold male Ross 308 broiler chicks were randomly assigned to the treatments with 6 replicates of 20 birds per treatment. The trial was last for 21 d. The basal diet was formulated as a corn-soybean meal-pea protein concentrate-based diet without methionine and cysteine supplementation according to the NRC (1994) nutrient recommendations except Met (Table 1) .
Bird management was as described in the Ross 308 Broiler Commercial Management Guide. All birds were housed in floor pens (2 × 1 m) with rice husk as litter in an environmentally controlled room. All the diets were processed in pellet (3 mm) form. Feed and water were provided to broilers ad libitum.
Sample Collection
On day 21, 1 bird with the average weigh per pen was selected and euthanized. Liver samples were collected, immediately stored in liquid nitrogen and subsequently stored at −80
• C for RT-PCR analysis of the expression of lipid metabolism, Hcy metabolism, and inflammatory cytokines relative genes. The rest of liver was stored at −20
• C for determination of liver level of ether extract (EE).Before the birds were euthanized, blood was taken for collecting plasma and serum. The plasma and serum were stored at −20
• C for determination of plasma Hcy and serum total triglyceride (TG), total cholesterol (TC), low-density lipoprotein cholesterol (LDLC), and high-density lipoprotein cholesterol (HDLC).
Parameter Determination
Dietary AA concentrations were determined by ionexchange chromatography with post-column derivatization with ninhydrin. Amino acids were liberated from the protein by hydrolysis with 6 N HCL for 24 h at 110
• C and quantified with the internal standard by measuring the absorption of reaction products with ninhydrin at 570 nm. As to Met, a prooxidation with performic acid that was neutralized with sodium metabisulfite was carried out before hydrolysis and quantified at 440 nm (Llames and Fontaine, 1994; Commission Directive, 1998) .
Liver EE was determined with a modified Soxhlet method. The liver samples were freeze dried (Supermodulyo-230, Thermo Scientific, USA). Then, the freeze-dried liver samples were grounded and extracted; the results were calculated as % dry matter.
Plasma Hcy and serum TG, TC, LDLC, and HDLC were determined with kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) according to VCAM1: vascular cell adhesion molecule-1; TNF-α: Tumor necrosis factor-α; IL-1β: interleukin-1β; IL8: interleukin-8; SAHH: S-adenosylhomocysteine hydrolase; MS: methionine synthase; BHMT: betaine-homocysteine methyltransferase; CβS: cystathionine-β-synthase; Hcy: homocysteine.
1 GenBank accession number.
the manufacturers' guidelines. Briefly, Hcy was determined with an enzyme-linked immune-sorbent assay for chicken (ELISA), and serum parameters were determined with a serum biochemical analyzer (Hitachi 7020, Japan). Total RNA was extracted from liver tissues using RNAiso kit (Takara, Dalian, China) according to the manufacturer's instruction; the content and purity of RNA were determined with Nanodrop 2000 (Thermo Scientific, USA). Total RNA was reverse transcribed into cDNA using primeScript RT kit (Takara, Dalian China) according to the manufacturer's protocol. cDNA was analyzed in 384-well plate assay format using a 7900HT Real-Time PCR system (Applied Biosystems, CA 
Statistical Analysis
Results are presented as mean ± SE. GLM procedure of SAS8.2 (SAS Inst. Inc., Cary, NC) was used to run one-way ANOVA. Differences among means were tested with Duncan's multiple-range tests. Pen was considered as the experimental unit. P ≤ 0.05 is considered as significant.
RESULT
Growth Performance, Lipid and Homocysteine Content
Compared with the Met-sufficient group, the methionine deficient diet caused a marked decrease of ADFI and feed efficiency (P < 0.05, Figure 1) . As a consequence, the Met deficiency resulted in a significantly lower final BW and ADG. However, the Metexcessive diet had no effect on growth performance ( Figure 1 ) when compared to the Met-sufficient group. Feeding the Met-deficient diet also decreased the liver weight and plasma Hcy content of 21 d broilers (P < 0.05), and slightly increased liver lipid content without significant difference when compared to the Metsufficient group. Compared with the Met-sufficient group, no difference in liver weight and plasma Hcy content and only a slight decrease on the lipid content in liver were found in broilers fed the Met-excessive diet (P > 0.05) (Figure 2 ). Similar changes as plasma Hcy were found in serum TC and LDLC, whereas no effects were found on serum TG and HDLC of broilers either fed the Met-deficient diet or the Met-excessive diet (Figure 3) . 
Expression of Lipid Metabolism Relative Genes
Feeding the Met-deficient diet caused a marked upregulation of acyl-coenzyme A oxidase 1 (ACOX1) and a down-regulation of apolipoprotein B (APOB), with similar changes in the expression of these genes in the liver was found in the broilers fed the Met-excessive diets when compared to the Met-sufficient group (P < 0.05). Additionally, a decrease of adiponectin receptor 2 (ADIPOR2) and an increase of carbohydrate response element-binding protein (CHREBP) were also found in the Met-excessive group when compared to the Met-sufficient group (P < 0.05). The expression of ADIPOR2, carnitine palmitoyltransferase (CPT1A), and fatty acid synthase (FASN) genes in both Metdeficient and Met-excessive group did not differ from those in broilers fed the Met-sufficient diet. (Figure 4) 
Expression of Homocysteine Metabolism and Inflammatory Cytokines Relative Genes
As an important intermediate of Met metabolism, Hcy is tightly linked with hepatic 1-carbon and hepatocyte injury (Elmore and Matthews, 2007; Yamada et al., 2012) . Compared with feeding the Met-sufficient diet, feeding the Met-deficient diet resulted in a significant decrease in the expression of Cystathionine β-synthase (CβS) gene (P < 0.05) and a slight decrease in Methionine synthase (MS) gene. However, the broilers fed the Met-excessive diet significantly decreased MS expression and increased CβS when compared to the Met-sufficient group (P < 0.05) (Figure 5) . Compared with feeding a Met-sufficient diet, feeding the Met-deficient diet also caused a marked up-regulation of interleukin-1 (IL-1) and interleukin-8(IL-8) genes, whereas feeding the Met-excessive diet showed no change. Neither Met deficiency nor Met excess showed an effect on the expression of S-adenosylhomocysteine hydrolase (SAHH), Betainehomocysteine methyltransferase (BHMT), vascular cell adhesion molecule-1 (VCAM1), and tumor necrosis factor-α (TNF-α) genes when compared to the Met-sufficient group. (Figure 6) 
DISCUSSION
Met is usually the first limiting amino acid in typical corn-soybean meal based poultry diets and needs to be balanced by supplementation of Met sources (Neto et al., 2000) . In our study, feeding the Met-deficient diet (Analyzed total Met: 0.271%) resulted in the lowest growth performance, thus indicating that the basal diet was deficient in Met. When compared with the Met-sufficient group (Analyzed total Met: 0.485%, closed to the recommendation in NRC 1994, 0.50%), the growth performance of birds fed Met-excessive diets (Analyzed total Met: 0.584%) showed no further increase or inhibition, thus indicating that 0.584% Met was just a high Met concentration without toxicity (Scherer and Baker, 2000; Acar et al., 2001) .
In this study, we tried to explain the relationship between dietary Met concentration and hepatic lipid accumulation with deregulation of hepatic lipid metabolism and hepatocyte injury. Whereas the highest hepatic lipid was shown in birds fed the Met-deficient diet and the content was decreased with the increase in supplemental Met. Unlike research in rodents, which suggests that either Met deficiency or Met excess increases the expression of lipogenesis related genes and diminishes lipid catabolism genes expression (Aissa et al., 2014) , birds in this study had increased expression of lipid catabolism genes and a decreased expression of apolipoprotein. In addition, no difference was found on the expression of FASN, a key lipogenic gene in the de novo biogenesis of fatty acids, in birds fed either Met-deficient diets or high Met diets. The result was similar with that in young pigs that were fed a Met deficient but not devoid diet (Total Met: 0.23%) (Conde-Aguilera et al., 2010; Castellano et al., 2015) . However, Aissa et al. (2014) indicated that feeding mice Met-deficient (Total Met: 0%) or Met-excess diets (Total Met: 2%) resulted in an increased expression of FASN. Furthermore, inconsistent results were found in fish wherein a low Met level (0.62%) and high Met level (1.02%) both decreased the expression of FASN in cobia (Rachycentron canadum) (Wang et al., 2016 ) whereas a 1.25% Met diet increased expression in rainbow trout (Oncorhynchus mykiss) (Sandrine et al., 2016) . Thus, we suggest the difference may due to the species and the extent of Met deficiency or excess. In the current study, a similar decreased expression of CPT1A was noted. CPT1A plays a key role in importing long-chain fatty acids into mitochondria to undergo β-oxidation in birds fed the Met-deficient diet (Analyzed total Met: 0.271%) or the high Met (Analyzed total Met: 0.584%) diet, decreased feed intake, the growth phase, and diet formulation may partly be attributed to this difference.
The up-regulation of lipid catabolism genes mainly ACOX1 and CHREBP seemed to be inconsistent with the deregulation of apolipoprotein mainly APOB in birds fed high Met diets; however, the normal content of LDLC and HDLC may partly explain that (Andi et al., 2012) . Considering no change was found on Hcy metabolism and the related injury in the liver, a slightly decreased content of liver EE may attribute to the increased expression of lipid catabolism genes when chicks were fed the Met-excessive diet for 21 d. In birds fed the Met-deficient diet, the expression of ACOX1 and APOB was similar as those fed the high Met diet. Serum LDLC was decreased accompanied with a decreased expression of APOB though it was different with previous studies (Andi et al., 2012 ). What's more, an increased expression of inflammatory cytokines including IL1 and IL8 was found in broilers fed the Metdeficient diet, thereby indicating inflammation in liver that may further inhibit hepatic lipid export. Previous research showed that hyperhomocysteinemia may induce hepatic lipid accumulation or even hepatocyte injury in rodents (Woo et al., 2005; Yamada et al., 2012) . As CβS encoded cystathionine β-synthase can control the import of Hcy into the Transsulfuration pathway to removal (Tang et al., 2010) , the decreased expression of CβS may result in increased plasma Hcy. However, even we found a decreased expression of CβS (Finkelstein, 1990; Yamamoto et al., 1995; Tang et al., 2010) , a decreased not an increased plasma Hcy was shown in birds fed Met-deficient diets when compared to the Met-sufficient group. Pharmacological study in human fibroblast cell lines indicated that the activity of Met synthase was critical for Hcy export from cell at low Met concentration (Christensen and Ueland, 1993) . Interestingly, a slightly lower expression of MS that encodes Met synthase, may attribute the decreased concentration of plasma Hcy in broilers fed the Met-deficient diet. Unfortunately, the Hcy content in liver was not determined in this study, as it was not enough to prove that the increased expression of inflammatory cytokines was caused by increased Hcy level with this lower plasma Hcy. Thus the increased liver EE may due to the inhibition of hepatic lipid export characterized by a decreased expression of APOB and hepatic injury when fed chick the deficient Met for 21 d.
In conclusion, feeding broiler chickens a high level (0.584%) Met diet for 21 d may not result in a hepatic lipid accumulation or hepatocyte injury. Feeding broiler chickens a Met-deficient diet (0.271%) for 21 d may decrease hepatic lipid export by decreasing APOB expression and increasing inflammatory cytokines expression that results in a hepatic lipid accumulation and eventually hepatocyte injury.
